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ABSTRACT 
The performance of E-SMS (Etched Singlemode-Multimode-Singlemode) optical fiber 
structures as immunosensors has been assessed by the implementation of antibody/antigen 
immunoassays. Through this procedure it has been proven that E-SMS structures are 
effective and suitable optical platforms for label-free biosensing.  
Using the phase shift and tracking the wavelength response it was found that the fabricated 
E-SMS devices exhibited limits of detection (LOD) down up to concentrations of 0.2 mg/L 
of antigens in solution. This was achieved by coating the E-SMS with an antibody-based 
biolayer (goat IgG) that is able to determine the presence of anti-goat IgG antigen. Both a 
wavelength detection and a fast Fourier transform (FFT) analysis technique were used to 
perform this analysis. The FFT method showed similar results to those observed with the 
most traditional wavelength analysis, but with the advantage of a simpler detection system 
that makes unnecessary the use of sophisticated optical interrogators.
INTRODUCTION 
The development of real-time detection devices, especially label-free biosensors with high 
selectivity for the recognition of low concentrations of analytes with rapid response, is an 
innovative field in applied research and healthcare diagnostics [1], [2].   
Optical biosensors have proved to be a powerful solution for the detection and analysis in 
biomedical research applications [3]. Commonly, there are two detection protocols that can 
be implemented in optical biosensing: labelled detection and label-free detection. Labelled 
detection involves the use of a label, i.e. the optical signal is generated by a colorimetric, 
fluorescent, or luminescent method. Labelled detection techniques can be extraordinarily 
sensitive, exhibiting detection limits even down to a single molecule [4], [5], but it often 
involves tedious labelling processes that may also interfere with the function of the 
biomolecules [1]. On the other hand, in label-free detection molecules are not labeled or 
modified, and quantitative and kinetic measurement of molecular interaction can be achieved 
[1]. 
When an optical transducer is used as a biosensor, the working principle involved in the 
label-free detection is the modulation of the optical signal induced by the change of the 
refractive index (RI) at the biolayer. A biolayer is a coating where the biorecognition 
molecules are immobilized and the interaction with the biomolecule under investigation 
occurs. Generally, the modification of the optical signal is derived from the interaction of the 
evanescent wave with the outermost layer [6].  
Up to now, multiple fiber optic structures have been studied for label-free detection 
biosensors, including those based on surface plasmon resonance [7], [8], photonic crystal [9], 
long period gratings [6], [10], and interferometers [11], [12]. The need for recognition of low 
concentrations of analytes, which involves small changes of RI, makes it necessary to use 
very sensitive refractometers for this purpose. This detection task can be achieved through 
fiber optic immunosensors, which are refractometric sensors with a biolayer. In this way, 
target molecules are detected when they interact with the biolayer. 
Among the different optical structures that can be used, a simple waveguide based on 
interferometry has been used in this article. An SMS (single mode–multimode–single mode) 
configuration consists of two single mode fibers (SMFs) which are spliced to the ends of a 
section of a multimode coreless fiber (MMF). When the light propagating along the input 
SMF enters the MMF section, multiple eigenmodes of the MMF are excited and thus, 
interference among different modes occurs during the propagation along this MMF section. 
This is also known as multimode interference (MMI) [13]. Through the reduction of the 
diameter in the MMF section by chemical etching of the waveguide material, the evanescent 
field of the guided light in this section further penetrates into the surrounding medium, 
therefore increasing its sensitivity [14], [15]. The result is an SMS with etching, hereinafter 
called E-SMS (Etched-SMS). 
On the basis that the sensitivity to refractive index is inversely proportional to the SMS 
diameter [16], the feasibility of E-SMS structures as biosensors has been proven recently 
[17]. In that work two SMS structures, one without etching (125-µm diameter) and one with 
etching (15-µm diameter), were analyzed. The etched structure was able to detect the bound 
of anti-IgGs to the IgG-based biolayer, whereas the unetched structure could not perform this 
detection due to its lack of sensitivity. It is evident that the sensitivity of a biolayer is not 
always directly related to the bulk refractive index sensitivity and a thorough analysis could 
be done on the influence of the diameter on the sensitivity to the creation of a biolayer. 
However, considering the results of [17], where the sensitivity was improved as the diameter 
was reduced, in the current work we used a structure with a 25-µm diameter, which allows a 
good sensitivity to be achieved while still being not too brittle that it could be handled 
properly. In spite of this approach, the quality of the interference spectrum achieved was not 
optimum and it was thought that the results could be improved by holding the fiber structure 
straight. In the present contribution, an optimum interference spectrum is defined when the 
interference bands are periodically spaced, which in turn simplifies the tracking of the 
interferometric bands. This allows the use of a Fast Fourier Transform (FFT) analysis, as will 
be developed later in this work. 
In addition to the improvement of the spectral conditions for the tested E-SMS, a flow cell 
has been designed and used to guarantee a temperature control during the immobilization and 
detection of the target molecules. With these upgrades, it has been possible to attain a limit 
of detection (LOD) of 0.2 mg/L, whereas the lowest antigen concentration detected was 1 
mg/L. This improves by a factor of 41.8 the lowest value detected with the same structure in 
reference [17], which was only of 41.8 mg/L. This proves that the E-SMS structure is an 
alternative to other devices, but with an easier and more cost-effective fabrication. 
METHODS AND MATERIALS 
1. Etching of the SMS fiber structure
Coreless MMF segments from POFC Inc. (Taiwan) and standard SMF pigtails from Telnet 
Redes Inteligentes Inc. (Zaragoza, Spain) were used in this research. The SMS structures 
were built by splicing standard SMF pigtails on each end of 14-mm segments of coreless 
MMF, as shown in Fig. 1(a), using a FITEL S178A V2 Fusion splicer machine was used for 
all splices in automatic mode. These structures were etched using an aqueous solution of 
hydrofluoric acid (HF) at a 40% concentration until the diameter of the structures were 
approximately 25 μm (see Fig. 1(b)). This etching stage took 60 minutes. The effect of the 
etching was studied both numerically and experimentally.  
  
 
Fig. 1 (a) 14-mm segment of coreless MMF spliced on each end to standard SMF forming an SMS structure, (b) E-SMS 
structure after the HF etching. 
 
The numerical analysis of this structure was performed using FIMMWAVE®. The 
propagation was analyzed through FIMMPROP, an integrated module of FIMMWAVE®. 
The Finite difference method (FDM) was used for the SMF and MMF sections, since it is the 
most accurate method available for cylindrical waveguides. In the SMF sections, only the 
fundamental mode was analyzed, whereas for the MMF section 30 modes were analyzed; 
thus, convergence was achieved in the results. The refractive index of the optical fiber 
cladding, made of fused silica, was estimated by using the Sellmeier equation: 
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with parameters [18]: B1=0.691663, B2=0.4079426, B3=0.8974794, λ1=0.0684043 μm, 
λ2= 0.1162414, and λ3= 9.896161, where λj=2πc/ωj and c is the speed of light in vacuum. The 
optical fiber core refractive index for the simulations was obtained according to the 
specifications from the fiber manufacturer through increasing the refractive index of the 
cladding 0.36%. 
 
The etching stage was carried out by using the following procedure. The SMS structure was 
located in a plastic container with small lateral slits to hold it in place and the cavity of the 
container was filled with the HF solution. The liquid did not leak through the side slits due 
to the surface tension of the HF. Simultaneously, light from a broadband light source (Agilent 
83437A) was launched through the SMS structure and an Optical Spectrum Analyzer  
(Agilent 86140A) recorded the transmission spectrum during the etching stage. This etching 
lasted until the diameter of the fiber was reduced to 25 μm, after an elapsed time of 60 
minutes. Fig. 2 illustrates the experimental setup employed during the etching stage. A more 
complete description and results of this procedure can be found in [19]. 
 
 
 
Fig. 2 Experimental Setup for etching the SMS structure  
 
 
 
 
2. Fluidic system 
 
Taking the flow cell proposed by Trono et al. [20] as a model, a fluidic system was designed 
to control temperature while at the same time small amounts of the reagents flowed parallel 
to the sensor, thus increasing the effective area of the sensor in contact with these reagents. 
The fluidic system consisted of a flow cell that kept the optical fiber firmly straight, a 
peristaltic pump controlled by a stepper motor, and a temperature-compensated control.  
 
The flow cell was made of two main parts. The upper part was a 10-mm thick PMMA piece, 
whereas the lower part was a 10-mm thick aluminum piece placed in thermal contact with 
two Peltier cells (see Fig. 3). The whole system was mounted on a cooler (heat sink and fan). 
The flow cell was 80-mm length, 23-mm width and 10-mm height. The flow channel was a 
rectangular section groove incised in the aluminum piece, running along the length of the 
flow cell with a 50-μL volume. The PMMA piece had two holes aligned with the flow 
channel serving as inlet and outlet ports for the tested fluid. 
 
The entire E-SMS sensor with its outer acrylate jacket was fastened to the groove ends using 
UV optical flexible adhesive (Norland 65). After the UV polymerization, a complete sealing 
of the flow cell is ensured by using a Parafilm® membrane sandwiched between the upper 
and lower pieces. 
 
One of the objectives of this study was to determine the role of temperature control in the 
bioassays. The temperature stabilization of the flow cell was achieved by a closed-loop 
control. An NTC thermistor (926-1108-ND, Digi-key) inserted into the aluminum piece in 
the vicinity of the flow channel acted as a feedback element for the Peltier elements, which 
in turn were driven by a temperature controller (739-TC-14-PR-59, Laird Technologies / 
Thermal Solutions). The temperature of the flow cell was measured by another NTC 
thermistor placed inside the PMMA piece in the vicinity of the flow channel. The temperature 
data acquisition was performed using a PC via the RS-232 serial interface with two different 
resolution situations that will be described further on in this paper.  
 
 
 
 
 
 
 
Fig. 3 Flow cell composed by two parts: a PMMA piece (upper) and an aluminum piece (lower). 
  
3. Chemical treatment of E-SMS and bioassay protocol 
 
Every biosensor is composed of three well-differentiated parts: the substrate, the biolayer, 
and the immobilization interface. The substrate in this proposed biosensor is the E-SMS, 
where the optical transduction process occurs. The biolayer is in charge of detecting the target 
molecules based on the corresponding bioreactions. According to the target biomolecule, 
biosensors can be classified as enzyme/protein-based sensors, immunosensors, cell/tissue 
sensors, aptasensors (sensors based on DNA chains), or even microorganisms-based sensors. 
In this work, an antigen/antibody interaction was studied, leading the path to developing an 
immunosensor. Finally, the immobilization interface provides the biolayer attachment to the 
substrate. In the last decades a wide variety of immobilization techniques have been 
developed and have been used for biosensing applications [21].  
 
For this research, a coating or biolayer, was deposited onto the surfaces of two E-SMS, 
hereinafter called E-SMS 1 and E-SMS 2, to detect the presence of anti-goat IgGs (Sigma 
Aldrich G4018). The biolayer was composed of a film of IgGs from goat serum (Sigma 
Aldrich I9140) with a concentration of 11.4 mg/mL. Fig. 4a presents a schematic of the 
functionalization procedure steps executed.  First, the E-SMS surfaces were functionalized 
by immersion in a solution of Eudragit L100 (Evonik) copolymer using ethanol as solvent. 
The polymeric deposition provides carboxylic functional groups (––COOH) to the surfaces, 
useful for IgGs immobilization.  Once the E-SMS was functionalized, it was placed into the 
flow cell and the following steps were performed to fabricate the biolayer: 1) activation of –
–COOH groups by means of EDC (Thermo Fisher 22980) and NHS (Thermo Fisher  24500);  
2) covalent immobilization of the antigen on the E-SMS surface by pumping a solution of 
IgG in PBS; and  3) surface passivation with 1% BSA in PBS in order to achieve surface 
passivation. The deposition procedure, solution concentrations, and times involved were 
followed as presented previously reported in reference [6]. Fig. 4b presents the final scheme 
of the proposed biosensor based on an E-SMS. 
 
 
 
 
Fig. 4. a) Schematic of the functionalization procedure steps executed, b) Scheme of the proposed biosensor based on an E-SMS. After 
the deposition of the biolayer, the interaction between the coupled cladding mode and the surrounding environment causes an RI change 
within the layer. 
 
 
A crucial aspect to control throughout the whole process was the influence of the temperature 
on the results. In order to analyze this, the temperature during the bioassay with the E-SMS 1 
was set to fluctuate with an error of 0.5 ºC, but in the case of the E-SMS 2, an improvement 
on the parameters of the temperature controller was carried out and an error of approximately 
0.01 ºC was attained. The room temperature and flow cell temperature were kept at 25 °C 
and 30 °C, respectively. For all the experiments a 250 µL/min flow rate was used. 
 
Once the biolayer was deposited, several solutions in PBS with increasing concentrations of 
anti-goat IgG were pumped into the flow cell. A washing stage of the flow cell using PBS 
buffer (phosphate-buffered saline, pH 7.4) between each new anti-goat IgG concentration 
was necessary to determine both wavelength and phase shift due to new anti-goat IgG binding 
to the biolayer.  
 The variation of the previous parameters for an attenuation band of the E-SMS as a function 
of the anti-goat IgG concentration, could be fit through a logistic curve that described the 
sigmoidal response of a biosensor [22]. In this research, the Hill equation was chosen to 
characterize this sigmoidal behavior [23], [24].  
 
From the calibration curve, it was possible to determine parameters such as: the dynamic 
signal range (DSR), the working range (WR), and the limit of detection (LOD) of the 
biosensor. The DSR was the difference between the two horizontal asymptotes of the 
sigmoidal curve. The WR was calculated by considering the antigen concentration range 
between 10% and 90% of the DSR [25]; and finally, LOD can be obtained from the 
calibration curve through the inverse of the fitting Hill function evaluated in a well-defined 
point: the mean value of the blank sample (y̅blanck)  plus three times the maximum standard 
deviation (σmax) obtained among all the experimental points. This can be expressed by the 
following equation: 
XLOD = f
−1(y̅blanck + 3σmax)                            (1) 
This approach, proposed by Chiavaioli et al [26], represents a valuable option for evaluating 
the LOD within a certain degree of reliability and repeatability, e.g. when the bioprobes can 
not be repeated with the same device, as the case here exposed. 
 
When the sensor is exposed to each solution, both wavelength and phase evolve in an 
exponential manner. In order to report a magnitude for each new concentration, an average 
of the signal values during the PBS washing step following the immersion at that particular 
concentration was taken. This approach was taken since it allowed the response changes due 
to the anti-goat IgG effectively bound to the goat IgG of the biolayer to be measured. The 
experimental datum at 0 mg/L of anti-goat IgG concentration was the value taken in PBS 
before exposing the biosensor to any anti-goat IgG concentration. 
 
In order to test the sensor from the baseline for each antiIgG concentration it would be needed 
to use a new sensor each time. This would be inefficient in terms of time and could 
compromise the repeatability of the measurements. Consequently, a good idea could be to 
regenerate the sensor (i.e. to suppress the bounds between IgGs and antiIgGs without 
destroying the Eudragit layer). We are working on how to apply a solution that permits to 
regenerate the sensor and to reuse it multiple times, which should permit to test the sensor 
from the base line for each antiIgG concentration. 
 
 
 
 
4. Characterization and optical setup 
 
Generally, interferometric sensors are characterized by tracking the wavelength shift of an 
attenuation band by using an optical spectrum analyzer or, alternatively, by measuring the 
intensity variations at a fixed wavelength using a power meter. Despite the fact that the fast 
Fourier transform (FFT) analysis provides useful and clear information to be used in sensing 
applications, it is not a commonly used technique. FFT analysis allows the phase of the 
optical spectrum to be obtained, and simplifies the detection setup since optical interrogators 
can be used instead of more expensive optical spectrum analyzers [27], [28]. 
 
As mentioned in the introduction of this work, an optimum spectrum obtained from an E-
SMS shows a periodic response of the interference peaks. This periodicity enables the 
achievement of a sharp peak corresponding to the fundamental frequency after performing 
the FFT analysis. Fig. 5 presents the contrast between the magnitude of the fast Fourier 
transform before and after etching. Therefore, it is possible to obtain a phase sensitive device 
by tracking the phase of this fundamental frequency as a function of the parameter to detect. 
In order to prove the feasibility of this method for the developed immunosensor, several 
bioassays were performed monitoring both the phase and the wavelength shifts for an 
attenuation band. A MATLAB® script was then implemented to obtain the real-time phase 
of the fundamental frequency along with the optical spectrum response of the sensor. 
 
 
 
Fig. 5  Theoretical amplitude of the fast Fourier transform (a) SMS with 125 µm diameter and (b) E-SMS with 25 µm of diameter. 
Keeping this in mind, two optical fiber refractometers, E-SMS 1 and E-SMS 2, were 
fabricated as described in section 1 and then used to perform two bioassays. In each bioassay, 
the corresponding E-SMS was placed inside the flow cell system. The optical setup employed 
to measure the light spectrum transmitted through the E-SMS sensor consisted of a broadband 
light source illuminating the E-SMS and an OSA recording the transmission spectrum during 
all stages. The OSA was connected to a PC performing the calculation of the evolution of the 
phase and wavelength shifts in real-time for an attenuation band in the transmitted spectrum 
at all stages along the bioassay.  
 
Fig. 6 illustrates the schematic diagram of the proposed measuring setup. The E-SMS inside 
the flow cell was exposed to the solution at the adequate concentration stored in an Eppendorf 
container. Each time a new solution needed to be injected into the system, the hose tip that 
imbibed the fluid was removed from the container with the old solution, and then immersed 
in a new Eppendorf container with either the solution at a new concentration or the PBS 
solution for the washing step. An alternative method to reduce the amount of liquid used in 
the flow cell, could be not to feedback the liquid going out of the flow cell. In that case, it 
would be necessary to soak the liquid from the Eppendorf at a flow rate that avoids 
consuming it completely. 
 
 
 
Fig. 6 Working setup 
 
 
 
5. Temperature cross-sensitivity, repeatability, and selectivity 
 
In order to determine the temperature cross-sensitivity of the E-SMS, the control temperature 
was set to 30 °C and the spectra was recorded during 13 minutes after reaching this set point. 
After this time, the control was set to 40 °C and kept at this constant temperature for 5 
minutes, then lowered back to 30 °C and recorded for 15 minutes after reaching the lower set 
point, and finally set back at 40 °C for and recorded for another 5 minutes once it was reached 
this upper set point. The real-time wavelength shift was recorded and processed along with 
the entire procedure of temperature variation. 
 
Regarding to the repeatability of the bioassays, we performed five bioassays with different 
anti-IgG concentration values to test the ability of the sensor to follow a curve that does not 
depend in a great manner on the concentrations applied. The E-SMS biosensors used were 
manufactured with the same procedure. 
 
Concerning with establishing the selectivity of the bioprobes, cross-sensitivity to other 
biomolecules of the E-SMS biosensor has already been studied in [16]. Anti-gliadin 
antibodies (AGAs) were exposed to the biosensor in order to determine the selectivity. In this 
research, an additional specificity test was performed. Here an additional biomolecule, C-
reactive protein (CRP), was chosen to confirm the selectivity of the device. Several solutions 
in PBS with increasing concentrations of anti-goat IgG and CRP were pumped into the flow 
cell separately where one of the E-SMS structures coated with the IgG-based biolayer was 
placed. The temperature was set to 30 °C, and it was controlled with an error of 0.01°C. A 
washing stage of the flow cell using PBS buffer between each new concentration was 
necessary to determine both wavelength and phase shift due to the respective binding. 
 
 
 
RESULTS 
 
1. Optimization of the E-SMS structure 
 
Fig. 7 (a) and (b) show the experimental and numerical transmission spectra for both, etched 
and unetched fibers. 
 
 
 
 
 
Fig. 7 Comparison between the spectra of unetched and etched fibers: (a) experimental; (b) Numerical 
 
In order to observe the wavelength shift, the E-SMS structure was immersed in various 
solutions of glycerol in water at different concentrations [29], [30]. The sensitivity curve was 
obtained after tracking the spectral changes of the nearest attenuation band to 1310 nm within 
the extended telecommunications window, where common optical equipment operates. This 
characterization was performed both experimentally and numerically before depositing the 
biolayer (see the experimental points and the numerical red line in Fig. 8). The numerical 
results were obtained with FIMMWAVE.  
The sensitivities to changes in the refractive index for a range of indices from 1.32 to 1.41 
were approximately 740 nm/RIU for both studied cases. However, it is well known that the 
response sensitivity exhibits a non-linear behavior increasing at high RIs, as shown in Fig. 8. 
In the case of immunosensing applications, the most suitable values of RIs were within the 
range of 1.32-1.35, close to that of water and other physiological fluids. In consequence, for 
the studied cases, the sensitivities obtained both experimentally and numerically in this range 
of RIs were 280 nm/RIU and 270 nm/RIU, respectively. These sensitivities were calculated 
for the experimental points as a linear regression with a maximum standard deviation of 0.1 
nm and a correlation coefficient of 0.97. 
 
 
 
 
Fig. 8 Wavelength shift with refractive index experimental, and numerical for an E-SMS of 25 µm of diameter and 14 mm of length. 
 
2. Label free detection by means of wavelength and phase shift tracking 
 
This section presents the results of the biodetection in both wavelength and phase analyses. 
As the role of the temperature control turned out to be essential when dealing with biosensors, 
a comparative analysis of the results as a function of two temperature control situations will 
be reported. In this approach, the results obtained with a temperature control error of ± 0.5 °C 
using the E-SMS 1 structure will be presented first, and later the same procedure will be 
presented for the E-SMS 2 structure with a temperature control error of ±0.01 °C. 
 
Following the protocol indicated in [6], the IgG – anti-IgG interaction was measured by 
increasing the anti-IgG concentration of the testing solution with rinsing stages of the 
biosensor using PBS solution in between. The PBS rinse stage was used to establish the 
baseline associated to each increasing anti-goat IgG concentration and to remove the 
unbound antibodies from the previous solution. Therefore, the corresponding data was 
collected at this stage. 
 
Fig. 9 presents the results corresponding to bioprobe E-SMS 1 for both wavelength and phase 
tracking when the temperature control was ±0.5 °C. For this purpose, the interferometric 
attenuation band was centered near 1376 nm, since this was the most noticeable attenuation 
band.  Fig. 9 (a) shows the experimental wavelength tracking when the measurements 
increased from 2.9 mg/L to 195 mg/L, before the sensor reached saturation. In this figure, it 
can be seen that the total wavelength shift is 3.3 nm ranging from 1376.2 to 1379.5 nm. As 
mentioned before, the relevant data were collected once the response stabilized in the PBS 
stages. These values were plotted in Fig. 9 (b) in a logarithmic scale. A typical Hill Equation 
sigmoidal curve has been fitted with a correlation coefficient of 0.9981. According to this, 
the LOD achieved in this first experiment was 0.3 mg/L. 
Simultaneously to the wavelength measurements, the phase shift was recorded in real-time. 
Fig. 9 (c) shows the phase shift changes when different concentrations of anti-goat IgGs were 
injected through the flow cell with the E-SMS 1 bioprobe. A maximum of 0.4 rad variation 
was registered between the mentioned increasing concentrations. Following the same 
procedure, a Hill Equation curve was fitted to the corresponding phase values, showing a 
correlation coefficient of 0.9980. 
 
 
 
Fig. 9 Results corresponding to bioassay E-SMS 1 with different concentrations of goat anti-IgG, ranging from 2.9 mg/L 
to 195 mg/L. a) Wavelength response curve, b) Calibration curve in wavelength. The solid line provides the best 
sigmoidal curve fitting of the experimental data with a 0.9981 correlation coefficient, c) Phase response curve, d) 
Calibration curve of the phase shift. The solid line represents the best curve fitting for the sigmoidal Hill Equation with a 
0.9980 correlation coefficient. 
 
Then, a second bioassay using bioprobe E-SMS 2 and incorporating a better temperature 
control (±0.01 °C) was carried out. This time the concentrations to explore started in 4 mg/L, 
and reached 200 mg/L. In this case, the attenuation band to study was centered at 1364 nm. 
Once again, the results are shown in Fig. 10 both for wavelength and phase shift. The 
experimental wavelength tracking when the measurements increased from 4 mg/L to 200 
mg/L are shown in Fig. 10 (a). Here, the total wavelength shift was in the same order than 
that one in the first bioassay (~ 3.1 nm). The Hill Equation fitting of Fig. 10 (b) showed a 
good correlation (R2 = 0.9968), which provided an LOD of 0.2 mg/L. 
 
 
 
Fig. 10 Results corresponding to bioassay E-SMS 2 with different concentrations of goat anti-IgG, ranging from 4.0 mg/L to 200 mg/L 
using the E-SMS 2 structure, a) wavelength response curve, b) calibration curve in wavelength of the bioassay. The solid line illustrates 
the best sigmoidal curve fit of the experimental data with a 0.9968 correlation coefficient, c) phase response curve, d) calibration curve 
in phase. The solid line provides the best sigmoidal curve fitting of the experimental data with a 0.9981 correlation coefficient. 
A more in-depth analysis was done by comparing the results obtained in both experiments. 
In this manner, Table 1 summarizes the information from the curve fitting with the Hill 
sigmoidal equation for both bioassays. First of all, The DSR is considered. The results of 
comparison of the sensors proved that the obtained DSRs are not quite different. There are 
some changes that are due to a not exact control of the diameter of the fiber after etching and 
to other factors such as the activation of the surface, the application of Eudragit, etc, but in 
general it can be said that the device is reproducible. Moreover, the diameter of the optical 
fiber could be known in view of the sensitivity of the device to refractive index, which could 
be used as a calibration method that is related to sensitivity to the biofilm. Also, the LOD 
improved in the better-controlled temperature situation (±0.01 °C), demonstrating the 
importance of a careful control of the temperature during the bioassay.  
  
Table 1 Parameters based on Hill fitting to the two bioprobes E-SMS 1 and E-SMS 2 
 Wavelength Phase 
 E-SMS 1 E-SMS 2 E-SMS 1 E-SMS 2 
Correlation 
coefficient 
0.9981 0.9968 0.9980 0.9981 
DSR 3.8 nm 3.5 nm 0.45 rad 0.45 rad 
WR (mg/L) 1.5-266  0.7-105 1.7-155 0.8-78 
LOD (mg/L), 
(Chiavaioli et al. 
recommendation [26])  
0.3 0.2 1.5 0.4 
Lowest concentration 
antigen used (mg/L) 
2.9 4 2.9 4 
 
With the results obtained after this research, it is possible to obtain LOD values as low as 0.2 
mg/L by just using an E-SMS structure with the appropriate dimensions. This characteristic, 
along with the fact of being a cost-effective structure with considerable spectral resolution 
and a very stable response during the measurements, makes the E-SMS structure highly 
suitable for biosensing applications, especially when considering that these parameters are 
the key to achieve reliable measurements.  
 
 
3. Temperature cross-sensitivity, repeatability, and selectivity 
 
Fig. 11 shows the behavior of the wavelength shift of an attenuation band and the phase shift 
with the temperature setting as described in section 5 of Methods and materials. The 
wavelength behavior observed followed a trend imposed by the temperature’s profile 
generated as a consequence of the set points established. The sensitivity observed was 
75 pm/°C. 
 
 
 
Fig. 11 Wavelength shift temperature cross sensitivity 
 
Fig. 12 depicts the Hill equation fit with the experimental points obtained for five bioassays 
developed with different bioprobes fabricated by following the same procedure. Each point 
represents the baseline associated to each increasing anti-goat IgG concentration. Each 
bioassay presents the experimental points with a similar Hill fit behavior, which suggests 
good repeatability. In addition, the LOD found previously has been tested experimentally, in 
the E-SMS 5 testing a concentration of 1.0 mg/L. 
 
 
Fig. 12. Hill equation fit with the experimental points obtained for five different bioassays 
 
The specificity test is shown in Fig. 13, where the wavelength shift was monitored in real 
time while different concentration of antibodies: anti-IgG and CRP were exposed to the 
biosensor into the flow cell system. The dotted lines indicate the moment where the antibody 
is exposed to the biosensor. The results show, as is well known, that IgG/anti-IgG pair has a 
high affinity, but, on the contrary, the CRP addition does not modify the trend followed by 
the previous anti-IgG addition for the E-SMS biosensor proposed in this research, which 
suggests a good selectivity of the target biomolecule. 
  
 
 
 
 
Fig. 13 Specificity test of the E-SMS biosensor 
 
 
CONCLUSIONS  
The performance of E-SMS (Etched Singlemode-Multimode-Singlemode optical fiber 
structures) as immunosensors has been assessed by the implementation of antibody/antigen 
immunoassays. Through this procedure it has been proven that E-SMS structures are 
effective and suitable optical platforms for label-free biosensing. 
In addition to the good agreement achieved between the experimental and the simulated 
approaches for this sensing device, it was demonstrated that the sensitivity of the SMS was 
enhanced by the reduction of the fiber diameter. In this research the sensitivity obtained was 
280 nm/RIU in the 1.32-1.35 refractive index range when the fiber diameter was reduced 
until 25 µm. 
Using the phase shift and tracking the wavelength response it was found that the fabricated 
E-SMS exhibited a limit of detection (LOD) for solutions with a concentration of 0.2 mg/L 
of antibodies (anti-IgG from goat) after being coated with an antigen-based biolayer (IgG 
from goat). 
The comparison between the LOD obtained with that one reported by others is not an easy 
task due to the various ways to evaluate this parameter presented in the literature. 
Furthermore, other factors, such as the solvent in which the target analyte was spiked, may 
influence the LOD determination. Despite this fact, the proposed structure could obtain LOD 
values comparable to those achieved by more complex structures, which places this 
immunosensing device as a very promising option for biological and medical applications 
where high sensitivities, high selectivity and compact structures are required, but with the 
advantage of an inherently simpler manufacturing process. In addition, the FFT analysis 
technique is shown to have advantages since it could simplify the detection system making 
unnecessary the use of sophisticated optical interrogators. 
Finally, it was noticed through the significant improvement in the LOD that measurement 
and proper control of the temperature of the flow cell is required to minimize errors 
associated to drifts induced by environmental temperature changes during long-term 
measurements, and to take into consideration the effects induced by pumping fluids at 
different temperatures within the flow channel. 
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